Because ocean color alters the absorption of sunlight, it can produce changes in sea surface temperatures with further impacts on atmospheric circulation.
Introduction
Models of ocean solar heating calibrated against in-situ data (e.g. Lewis et al., 1990; Manizza et al., 2005) predict that in perfectly clear water a downwelling surface shortwave flux of 200W/m 2 would lead to a heating rate of ~0.75 C/yr at 100m, while at 200m the rate would be ~0.07 C/yr. However, because scattering and absorbing materials in seawater affect the degree to which sunlight penetrates into the ocean interior, the heating rate is generally much smaller. Chlorophyll-dependent parameterizations of shortwave heating show that even in waters that are relatively clear much of this heating is blocked, so that waters below about 100m can be significantly cooled by the presence of ocean color. Isolating the effect of such solar heating changes in nature is difficult, as temporal variations in both temperature and chlorophyll are affected by mixing and advection. Model studies have shown that, in isolation, alteration of the heating profile can alter sea surface temperatures (SSTs) in the tropics (Nakamoto et al., 2001; Manizza et al., 2005; Lengaigne et al., 2007) , especially in the Pacific basin (Sweeney et al., 2005; Gnanadesikan and Anderson, 2009 ).
This paper evaluates whether such SST changes can change the climatology of tropical cyclones (TCs), particularly in the North Pacific. Variation in the occurrence, intensity, duration and paths of TCs have been tied to the El Nino Southern Oscillation (Chan, 1985; Saunders et al., 2000; Camargo et al. 2007) . Models are able to recover these interannual variations (Zhao et al., 2010) suggesting that they are strongly controlled by large-scale environmental conditions. Using two downscaling techniques, this paper demonstrates that changes in surface temperatures and tropical circulation caused by including chlorophyll-dependent solar heating have a first-order impact on the spatiotemporal distribution of TCs.
Methods

a.) Background SST and atmospheric circulation changes due to ocean color
The impact of chlorophyll-dependent solar heating on the background tropical circulation was evaluated using coupled climate models. The atmospheric, land, and sea ice components were taken from GFDL's CM2.1 global coupled climate model (Delworth et al., 2006) , one of the most skillful climate simulations in the IPCC Fourth Assessment report (Reichler and Kim, 2008) . However, in order to minimize spurious numerical diffusion in the upper thermocline which would lead to smoothing out the impacts of heating perturbations (Griffies et al., 2000) , an isopycnal ocean model (Hallberg and Gnanadesikan, 2006) was used. The new coupled model simulates ocean hydrography better than the CM2.1 model, though errors in SST are somewhat worse . It also has a mechanistically realistic El Nino ).
Our initial set of simulations builds on the work of Gnanadesikan and Anderson (2009) 
Where is the incoming shortwave radation and chl is the chlorophyll concentration in mg/m 3 . The Green run uses a monthly climatological surface chlorophyll concentration taken from the SeaWiFS satellite (Yoder and Kennelly, 1996) . As this parameterization does not include the impact of a deep chlorophyll maximum, it represents a lower limit on the total impact of chlorophyll-dependent absorption, as removing all color will generally represent a bigger perturbation than is seen here.
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We focus on a perturbation run (BLPGyre) where chl was set to zero in the Pacific within 30 degrees of the equator when concentrations dropped below 0.2 mg/m 3 (shown by the hatching in Fig.2a ). This value was chosen because it represents an efolding depth of ~23m, close to the value often used for the clearest waters (Jerlov, 1968) and because it has been used to represent the boundary between the gyre edge and upwelling/subtropical biomes (Schultz, 2008) . We will also refer to a simulation where chlorophyll concentrations were reduced by 50% globally (Half). While such perturbations are large, they are chosen to isolate and put reasonable bounds on the total potential impact of ocean color.
b.) Impact on TC formation
The impact of SST changes on TC activity is estimated in two ways. The first is an empirically-derived Genesis Potential Index ( 
In this formula PI is the potential intensity. U 200 -U 850 is the shear of the zonal wind between the 200 mb and 850 mb in m/s, RH 700 is the relative humidity at 700mb in percent and Vort 850 is the absolute vorticity (curl of the vector horizontal wind + Coriolis parameter) at 850mb in s -1 .
PI is based on a line of theoretical papers (starting with Emanuel, 1986) linking the dynamics and thermodynamics of TCs. Serving as a measure of the thermodynamic disequilibrium between the ocean and atmosphere, it represents the peak intensity the storm can attain under ideal conditions. GPI builds upon the PI, accounting for the effects of vorticity in creating conditions that are more favorable for convective organization, shear in preventing such organization, and low relative humidity in the middle of the atmosphere in inhibiting storm formation and maintenance. GPI has been used to evaluate changes in cyclogenesis associated with ENSO (Camargo et al., 2007) , intraseasonal oscillations (Camargo et al., 2009 ) and climate change (Vecchi and Soden, 2007) .
Focussing on the northwest Pacific, the observed distribution of genesis (contours, Fig. 1a ) shows a region with high levels of genesis between 120-150E and 10-15N. The
Northwest Pacific experiences an average of 131 "TC days" each year; vs. 61 for the Atlantic and 58 for the Northeast Pacific. It accounts for 55% of reported hurricane-force winds over the past 25 years (Maue et al., 2008) with the region of maximum storminess lying to the northwest of the high-genesis region. The GPI in our control run (Fig. 1b) captures the magnitude of cyclogenesis, with a band in which 8-9 storms are generated 6 per decade in a given 5° bin. The location of this band, however is offset equatorward by 5-10° , most likely indicating biases in the modeled atmospheric circulation (a similar bias is found in other basins for Green run, but other configurations of our coupled model show the opposite bias).
The second technique is the statistical-dynamical downscaling of Emanuel (2006) .
This technique involves randomly seeding the tropics with weak, warm-core vortices that are then advected by the large-scale steering flow. The steering flow consists of synthetic time series of winds at two levels whose monthly mean, variances, and covariances are those of the coupled model. The result is to produce an ensemble of paths which track through spatially-varying environmental conditions. The resulting paths and environmental conditions are used to drive a simple radially symmetric, coupled atmosphere-ocean model to predict the intensity and size of the cyclone that develops.
The vast majority of vortices do not develop into hurricane-strength storms. This approach neglects the possibility that changes in the climatology of the triggering disturbances (rather than the development of these disturbances) could be responsible for variability in tropical cyclogenesis. The predicted distribution of cyclones in our Green control run (Fig 1c) reproduces the pattern of TC frequency (correlation coefficient of 0.89) and TC genesis (correlation coefficient of 0.72) and a slight equatorward bias.
Results
As seen in Fig. 2 , increasing the penetration depth of solar radiation from >23m (Green) to ~40m (BLPGyre) in the low-chlorophyll subtropical gyres changes several components of the GPI. SSTs in the gyres drop and subsurface waters warm, with a small part of this deep heating carried to the equator on decadal timescales ). This pattern of SST change (Fig. 2a) leads to a strengthening of the atmospheric Hadley circulation, with flow from the strong cold to the weak warm anomaly (vectors, Fig. 2a ). The resulting upward motion and precipitation along the Equator increases outflow aloft (Fig. 2b) . As the outflow moves away from the equator it is turned eastward by the Coriolis force, producing higher westerly winds. Intensification of the sinking branch of the Hadley circulation (Fig. 2b ) transports more dry air into the lower troposphere, causing both a reduction in relative humidity ( Fig. 2c) and, by compressing the air column, decreasing its cyclonic vorticity. (Fig. 2d) .
The GPI in the BLPGyre run drops over the subtropical zones relative to the Green control but increases in the near-equatorial region (Fig. 3a) . We can evaluate which of the changes in Fig. 2 are most important to the total change in TC activity by replacing each component of the GPI separately. In the off-equatorial region (Fig 3b) , a 70% total drop in genesis potential involves contributions from all four factors. Wind shear appears to be the largest of these, followed by potential intensity and relative humidity, with vorticity playing a small role.
The statistical-dynamical downscaling technique shows a similar shift in TC frequency and genesis (Fig. 3c) The tracks in the BLPGyre run are much more focused near the equator, with more storms tracking into the South China Sea, but virtually no tracks moving into the East China Sea and many fewer landfalls in Japan and South
China. The changes in genesis are roughly the same magnitude as those predicted by the GPI. Zonally averaged changes in TC frequency (Fig. 3d) , show an increase in the equatorial zones, and a decrease approaching 60% in the higher latitudes. This decrease is more pronounced for typhoons (max winds > 33 m/s) than for all TCs; implying that not only the location but the intensity of TCs is affected by the presence of ocean color.
As described in Anderson et al. (2009) the Green control does also experience two relative active typhoon seasons during the very strongest La Nina years, the 20% enhancement during these two years is only sufficient to explain a 2% increase in typhoon frequency in the Green run relative to BLPGyre. When the region poleward of 15 degrees is considered (Figure 4b) , the difference between the BLPGyre and Green runs is much larger (hurricane days drop by 43%). Although NINO3 SSTs are weakly correlated with hurricane days polewards of 15N (0.33 for Green, 0.44 for BLPGyre), the key driver of change is clearly the difference in the mean state, not the variability.
Discussion and conclusions
9
The presence of light-absorbing material substantially shapes the paths of Pacific TCs, allowing them to propagate to higher latitudes. While removing all excess absorbing materials is obviously extreme, there is evidence (Karl et al.,2001 ) that during the 1960s chlorophyll levels in Pacific subtropical gyres were 50% lower than at present-although it is unclear how much of the change is due to differences in measurement techniques. In our Half run, the resulting atmosphere produces a GPI about 35% lower in the subtropical NW Pacific, about half the drop seen in Fig. 3a . As this reduction in cyclone frequency is consistent with lower cyclone activity during the 1960s it raises the question of whether ocean color acted either to explain some part of the change or to amplify the impacts of larger-scale climate variability. However, in the absence of a clear mechanism for changing ocean chlorophyll during this time period, it would be premature to attribute the change in cyclone activity to any such mechanism.
Additionally our results suggest that climate modelers wishing to make statements about tropical cyclones need to be extremely careful in describing the physics of the upper ocean. A separate set of experiments using a descendant of the coupled model used 
